An experimental study is conducted to cool the ambient air using a new humidification technique. A wind tunnel is built with a test section formed by four modified MiniModule membrane contactors. An ambient air passes over the membrane contactors (cross flow) while water pumps through the contactors. Air temperature and relative humidity are measured upstream and downstream of the membrane contactors array which was used to humidify and cool the outdoor air. Five average air velocities (3.03, 3.33, 3.95, 4.52, and 5.04 m/s) and four water flow rates (0.0, 0.013, 0.019, and 0.025 kg/s) are used. Air velocity is measured at different locations along the centerline of the cross section. Using the modified MiniModule membrane contactors array dropped the air temperature by a maximum and minimum of 10.77 ∘ C and 3.44 ∘ C, respectively, depending on the outdoor air. The corresponding maximum increase of the relative humidity is 4.65% which depends on the ambient condition. It is noticed that the evaporation process does not follow the isenthalpic lines therefore; heat transfers from the air as latent and sensible heats.
Introduction
This paper describes the potential of using the MiniModule membrane contactors array in evaporative cooling of ambient air which could be used in gas turbine applications. Cooling the air at compressor inlet is a well known technology used to increase the gas turbine capacity and efficiency. Air humidification can be used to cool the air at compressor inlet. This technology is inexpensive and simple to apply and its power consumption is low. Now, the humidification is carried out by spraying water in air flow upstream of the compressor inlet. Using this method requires high quality water to avoid corrosion and erosion of the compressor blades and scale off composition on compressor blades. Furthermore, droplets drift can increase water consumption in humidification process. Membrane evaporation is a new technology used in many applications including desalination juice concentration. Using this technology in air humidification eliminates blade problems mentioned above and droplets drift. In addition, low quality water can be used in humidification process. Inlet air cooling markedly enhances the performance of combustion turbines [1] [2] [3] [4] [5] [6] . The turbine power increases at a lower cost per kW, and as an added bonus the heat rate also improves. Various approaches to cool the turbine inlet air have been employed. The two most common approaches (evaporative cooling and mechanical refrigeration) have been extensively applied and are well developed and documented. Combustion turbines have ambient temperature sensitivity: both the capacity and the efficiency decrease as the ambient temperature increases. The power demand of the compressor section of the turbine is proportional to the absolute temperature of the inlet air. The compressor capacity is proportional to the density of the inlet air, which is inversely proportional to the absolute temperature. Therefore higher ambient temperatures negatively affect both capacity and efficiency of the turbine. The turbine manufacturers supply curves detailing with both the power output and the heat rate as a function of ambient temperature.
Erickson et al. [3] reported that a 300-refrigeration ton aqua ammonia refrigeration unit is required to cool the inlet of a 5 MW gas turbine from 35 ∘ C to 5 ∘ C. This cooling increases the power output by 1 MW, and the added power 2 Advances in Mechanical Engineering is at a marginal efficiency of 39%, compared to 29% for the base turbine power. Alhazmy and Najjar [5] reported that the spray coolers appear to be capable of boosting the power and enhancing the efficiency of the gas turbine power plant in a way that is less expensive than cooling coils. Although the performance of spray coolers is deeply influenced by the ambient temperature and humidity, they operate efficiently during hot and dry climatic conditions. The analysis of Alhazmy and Najjar [5] has shown that the spray cooler reduces the temperature of incoming air by 3-15 ∘ C, enhancing the power by 1-7% and improving the efficiency by 3%.
The membrane evaporation is a new technology which utilizes the evaporative cooling technique in air conditioning, water desalination, juice concentration, and other applications [7] [8] [9] [10] [11] [12] . Microporous hydrophobic membranes have been examined by Loeb [7] for possible use as containers in the evaporative cooling of water, particularly in desert climates. The potential of using hollow fiber membranes in evaporative cooling applications for space air conditioning has been reported by Johnson et al. [8] . Their results showed that reasonable numbers of fibers and membrane surface area could provide cooling effectiveness comparable to the conventional evaporative cooling equipment. Experimental and theoretical investigations of air humidification/dehumidification processes were carried in a hollowfiber membrane contactor by Bergero and Chiari [13] . Their experimental results indicate high mass transfer efficiency for both humidification and dehumidification.
Recently, Zhang [14] has reported numerical and experimental study about parallel-plates membrane cores used in air-to-air heat exchangers for fresh air heat and moisture recovery. His results indicated that for those membrane structures, when the channel pitch is below 2 mm, the flow distribution is quite homogeneous and the sensible and latent heat performance deteriorations due to flow mal distribution are below 9% and can be neglected. However, when the channel pitch is larger than 2 mm, the maldistribution is quite large and the consequent thermal and latent performance can be deteriorated by 28%. More recently, a numerical simulation for mass transfer through a porous membrane of parallel straight channels has been reported by J. Lu and W.-Q. Lu [15] . In their study, two types of flows, channel flow and ultrafiltration flow, have been physically described. Their results have displayed the flow and solute distribution patterns inside channels, described the ultra-filtration profiles along the surface of the porous membrane, and disclosed an existent nanoscale reverse osmosis problem. Ceramics and ceramic matrix composites for heat exchangers in advanced thermal systems have been reviewed by Sommers et al. [16] . In their paper, the current state of the art of ceramic materials for use in a variety of heat transfer systems has been reported. Coupled heat and mass transfer in a counter flow hollow fiber membrane module for air humidification has been reported numerically and experimentally by Zhang and Huang [17] . Their results showed good matching between the numerical and experimental humidification and cooling effectiveness. In another study, Zhang [18] has shown the heat and mass transfer characteristics of fibers bundle in aligned and staggered arrangement in air cross flow. The flow maldistribution and the consequent performance deterioration in a cross flow hollow fiber membrane module used for air humidification has been studied by Zhang et al. [19] . Their results showed that the packing fraction affects the flow maldistribution substantially. It should also be mentioned that other methods of cooling the inlet air is known as wet media evaporative cooling technology, which offer 85 to 90% of evaporation efficiency, may not require high water quality but they need huge amount of water. These methods offer reduced risk of erosion to the compressor blades and corrosion to turbine inlet duct structure. It should be noted that the current suggested method of research presents a new interesting engineering concepts to enhance the performance of the gas turbine in spite of its low efficiency. Therefore, further researches need to be performed to improve the efficiency of the proposed technology, such as increasing the number of MiniModule membrane contactors array, which leads to the increase of exchange surface between the membrane and airflow. Another advantage is the possibility of using recycled water (chemically treated water) since the fresh quality water in desert area such as Saudi Arabia is mostly available through the desalination plants and commonly used for human beings supply.
In this paper, evaporation technology is used to humidify the air for cooling before it enters the compressor of a gas turbine. A wind tunnel is built and a matrix of four MiniModule membrane contactors is used as a test section where water pumps through (cross flow heat exchange). The relative humidity, temperature, and pressure losses are measured before and after the test section. The air velocity over the test section and the water flow rates through the contactors are measured and the effectiveness of cooling and humidification is also determined.
Experimental Setup
The experimental apparatus consists of a wind tunnel and four MiniModule membrane contactors serving as a test section. The wind tunnel consists of three parts. The first part is the conical adaptor of length 150 cm that converts the blower circular section of 50 cm in diameter to rectangular section of 28 cm × 14 cm as seen in Figure 1 . The blower Advances in Mechanical Engineering part has a fan of 2.2 kW (1710 RPM) as seen in Figure 1 and schematically in Figure 2 (a) and the complete wind tunnel assembly is shown in Figure 2 (b). The second part is the test section and the third part is the settling or the straightener section. This settling section consists of three rectangular ducts each is 102 cm length with a cross section of 28 cm × 14 cm in addition to one more duct of 50 cm length with the same cross section that makes the total settling length of 356 cm (Figure 2(a) ). A form of honeycomb is used at the entrance section to provide more uniform flow. The second part is the test section that consists of four MiniModule membrane contactors connected in parallel as seen in Figure 3 . The characteristics of the membrane contactors are given in Table 1 (as specified by the manufacturer, MembranaCharlotte A Division of Celgard, LLC., USA). Figure 4 shows the dimensions of the MiniModule contactors. It should be noted that modification has to be done on the design of the outer shell of the contactors in order to make a direct contact between the flowing air and the membrane inside the contactors. This was done by making two slits (window like) through the outer cylindrical shell. The area of each window is equivalent to 18.3 cm (height length) × 5.1 cm (arc length). Figure 5 shows the contactors after the modification.
The measurement devices such as digital low range water flow meters, velocity and temperature sensors, pressure gauges, and relative humidity devices are installed on the wind tunnel and connected to data acquisition systems. Relative humidity measuring devices and temperature sensors are installed in their housing on the duct before and after the test section. Variable speed fan of the wind tunnel is used to achieve variable air flow velocities. Two computers are used; one is connected to the data acquisition system for the air temperature and relative humidity measurements and the other for air velocity measurements. The air velocity is measured using and 8 channel hot wire anemometer.
Experimental Procedure
Air flow is established using a variable speed motor controller by adjusting the power source frequency which is fed to collect the air velocities. The mean air velocity is estimated based on the 42 measured values. Water flow rate in the test section is measured using a turbine flow meter. Temperature along the air duct is measured using thermocouples and thermistors. K-type thermocouples are distributed along the air duct. Four thermocouples are used; two of them at the inlet and the others at the outlet to measure the dry and wet bulb temperatures, respectively. Two thermocouples are fixed before and after the test section to measure the air temperatures across the test section. Two more thermocouples are used to measure the water temperatures in the water tank and the outlet of the test section. One thermocouple is used to measure the room temperature. Humidity sensors are used to measure the relative humidity before and after the test section. Humidity sensors also equipped with thermistors to measure temperatures. Two pressure transducers are used to measure the pressure drop across the test section. Two data acquisition systems were connected to a laptop to collect the data of humidity sensors, pressure transducers, and thermocouples. Table 2 shows the uncertainty of the measured parameters. The thermocouples and data acquisition system are calibrated at ice and boiling points. At the ice point, the error in thermocouple readings are in the range from −0.2 to 0. is calibrated using a balance scale and a stop watch. The difference between the reading of the flow meter and that of the measured flow rates is −2% at most.
Results and Discussion
Measurements of the temperature and the relative humidity are taken before and after the MiniModule membrane contactors test section. Figures 7(a) , 7(b), 7(c), and 7(d) show the evolutions of the average temperature before and after the test section for various air velocities. It should be mentioned that the contactors and all the connecting pipes are full of water at the start of the experiment with zero water flow rate which means that the water inlet and exit valves to and from the test section plumbing system, respectively, are closed. Furthermore, this experiment was done during the winter time; therefore it was necessary to heat the air before it enters to the test section in order to simulate the most of the year around temperature. Consequently, in Figure 7 (a) it is clear that the temperature increases from the laboratory ambient temperature passing by the heater then to the test section. The average inlet and exit temperatures to and from the test section are 58.2 and 47.4 ∘ C, respectively, where the air temperature dropped by 10.8 ∘ C for air velocity of 3.03 m/s. This drop in the air temperature presents a 32.3% cooling ratio. The effect of increasing the air velocity is to reduce the drop in the temperature across the test section as seen to be 5.5, 4.1, and 3.9 ∘ C as the velocity increases to 3.33, 3.945, and 5.039 m/s as seen in Figures 7(b) , 7(c), and 7(d), respectively. Similar curves are obtained for various water flow rates through the contactors and the results are summarized in Figure 8 . This figure shows that the effect of moving water through the contactors on the magnitude of the temperature at zero flow rate is almost negligible. This figure also summarizes the temperature drop between the flowing air before (TBTS) and after (TATS) the test section at all water flow rates and for different air velocity. It is also clear that the conclusion drawn earlier from Figure 7 about the reduction of the temperature drop as the air velocity increases is still valid for the other water flow rate through the contactors. The relative humidity before and after the test section for various values of air velocity and for contactors full of water corresponding to zero water flow rate is shown in Figures 9(a) , 9(b), 9(c), and 9(d). As mentioned earlier this experiment was done in winter time; therefore the relative humidity decreases as the temperature increases (see Figure 7 (a)) as seen in Figure 9 (a). The average inlet and exit relative humidity to and from the test section are 1.91% and 6.55%, respectively, where the relative humidity increases by 4.64 for air velocity of 3.03 m/s. This increase in the relative humidity presents a 229.14% of the inlet relative humidity. The effect of increasing the air velocity is to increase the relative humidity across the test section as seen to be 7.82, 13.30, and 13.48 as the air velocity increases to 3.33, 3.945, and 5.039 m/s as seen in Figures  9(b) , 9(c), and 9(d), respectively. Similar curves are obtained for various water flow rates through the contactors and the results are summarized in Figure 10 . This figure shows that the relative humidity decreases as the water flow rate increases up to 0.0125 and then it starts to increase again especially at higher values of air velocities. This figure also summarizes the decreasing and increasing rate of the relative humidity before (RHBTS) and after (RHATS) the test section at all water flow rates and for different air velocities. It is also clear that the conclusion drawn earlier from Figure 9 about the increase of the relative humidity as the air velocity increases is still recognized for other water flow rates through the contactors. Table 3 shows the performance of the experimental data at the test section using the evaporative cooling and humidification system effectiveness and ℎ , respectively, as
where the subscripts ai, ao, wbi, and wi stand for inlet air, outlet air, wet bulb inlet, and water inlet, respectively. It should be noted that expression (2) is defined following Zhang and Huang [17] , where wi is the specific humidity using the water temperature at 100% relative humidity. It should be noted that the wet bulb temperatures at the duct inlet and outlet are measured using sensors covered with wet wicks. Wet bulb temperatures at test section inlet and outlet are obtained from the psychometric chart (EES software) assuming that the process from the duct inlet to test section inlet has the same humidity ratio and from the test section outlet to duct outlet has a constant humidity ratio. Figures  11(a) and 11(b) show the cooling and humidification system effectiveness and ℎ , respectively, at various water flow rates. As seen in Figure 11(a) , the cooling effectiveness drops sharply as the air flow rate ( ) increases up to about 600 kg/hr. The fitting curve to the data is shown as a solid line and given by the following third order polynomial to cover all water flow rates: Air velocity = 5.04 m/s Figure 10 : The effect of water flow rate on the relative humidity before (RHBTS) and after (RHATS) the test section for various air velocities. with correlation coefficient of determination = 94.3%. The humidification effectiveness is shown in Figure 11 (b) where the data is scattered based on the water flow rates and on the ambient inlet condition of the outdoor specific humidity as defined by (2) . Table 3 indicates that the evaporation cooling system effectiveness reaches a maximum of 29.45% when only four MiniModule membrane contactors are used. It should be noted that the current suggested method of research presents new interesting engineering concepts to enhance the performance of the gas turbine in spite of its low efficiency. Therefore, further researches need to be performed to improve the efficiency of the proposed technology, such as increasing the number of MiniModule membrane contactors, which leads to an increase of exchange surface between the membrane of the contactors and the air flow. Another advantage is the possibility of using recycled water (chemically treated water) since the fresh quality water in desert area such as Saudi Arabia is mostly available through the desalination plants and commonly used for human beings supply. On the other hand, it is noticed that the evaporation process on the psychometric chart does not follow isenthalpic lines which means that is not all the dissipated energy from the air transferred as latent heats to the evaporating water but part of it is used as a sensible heat. Samples of the psychometric chart processes are shown in Figures 12(a) and 12(b) . These plots are based on dry and wet bulb temperatures at the test section inlet and outlet. Figures 12(a) and 12(b) correspond to some runs shown in Table 3 . It is clear from the figures that the process curves do not exactly follow the isenthalpic as mentioned earlier.
Conclusions
Using the modified MiniModule membrane contactors enhances the cooling process of the air. This enhancement is reflected by a maximum and minimum temperature drop of 10.77 ∘ C and 3.44 ∘ C, respectively. The results show that as the air velocity increases the drop in the air temperature decreases due to the differences in the inlet conditions. The relative humidity downstream of the test section is noticed to increase by a maximum of 4.65% which of course depends on the ambient condition as seen in Table 3 . The results also show that the evaporation process does not follow the isenthalpic lines; therefore, heat transfers from the air as latent and sensible heats. The maximum evaporation cooling effectiveness is 29.45 which is considered low; however, more research need to be performed to improve the effectiveness of the proposed technology. The experimental data shows that the modified MiniModule membrane contactors could be implemented for gas turbine inlet air cooling without concerns of compressor blades erosion due to water droplets associated with water spray technology. .012
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